The evaluation of the compressive strength of concrete in existing structures by coring is expensive, technically difficult in certain cases, and even impossible in others. The use of non-destructive testing (NDT) is an interesting alternative method (i.e. affordable cost, portable, fast, etc.). However, the NDT estimation of strength requires a procedure of calibration of the model between NDT and compressive strength. The robustness of this calibration is a crucial point allowing better choice of the optimal number of cores. Studies which treat the calibration of proposed models are often based on laboratory experiments or synthetic data. The present study aims at identifying and optimizing the methodology of the calibration model on site. This paper is based on a broad campaign of auscultation using NDT (Rebound and Ultrasound) and coring on an existing construction with 205 triplets of data (strengths and NDT results). Statistical data analysis enables to quantify the role of: the number of cores (NC) used for the calibration, the use of only one or two-combined NDT techniques and the calibration method. The conclusions are focused on the improvement of the relevance and the effectiveness of NDT techniques in such operational situations.
Introduction
Existing buildings need the evaluation of their structural capacity in a variety of situations like the prediction of their seismic performance, restoration purposes, change of use or assessment after a partial failure or structural damages. To achieve this evaluation, the mechanical properties of concrete need to be evaluated for a more accurate estimation of the structural capacity [1] . The destructive estimation of the mechanical strength of the concrete structural by coring is regarded as a reference [2, 3] . However, this method allows only a limited number of tests, due to the fact that it is expensive and technically difficult in certain cases, even impossible in others. Non-destructive testing (NDT) does not eliminate the need for coring, but it can reduce the total amount of cores needed to evaluate a large volume of concrete [4] , and to optimally locate coring on the structure.
Non-destructive tests in conjunction with destructive tests DT (cores) offer an interesting alternative for concrete strength estimation in existing constructions [3, [5] [6] [7] . An empirical relationship (or conversion model) must be identified between NDT results and strength measured on cores taken from the same locations. For the non-destructive assessment of strength, the European standard EN 13791 [8] requires at least 18 pairs of data (cores and NDT measurements). In the same way, ACI 228.1R standard [4] requires six to nine areas of measurement with two cores in each area. However the professional practice is usually based on much lower number of cores (sometimes down to 3 cores), while the reliability of this estimation is disputable and rarely discussed [9, 10] .
Reaching a reliable estimate would suppose that specific attention is paid to the quality control of the conversion model which depends on several factors: (a) the number of data (cores) used for identification of model parameters, (b) the measurements quality and the choice of NDT techniques, (c) the strength variation range of the whole data, (d) the relevance of the empirical model, (e) the existence of uncontrolled factors. Even if these factors are well known, the analysis of their effects remains generally qualitative or limited to laboratory or synthetic data [9] [10] [11] .
While estimating the precision quality of the conversion model, its statistical properties during identification phase and prediction phase (when the model is used on new data) are usually confused. However, the model precision in prediction phase may be significantly lower then the model precision in the first phase. The difference between calibration and prediction errors being mainly due to the involved error of the model extrapolation (generalization). The real challenge here is to test the precision estimate capacity of the conversion model in the prediction phase.
The NDT techniques based on rebound hammer and ultrasonic pulse velocity tests are often combined in order to obtain a better assessment of concrete strength [2, 10] . Many empirical multi-parametric models had been proposed in the literature [12] [13] [14] [15] [16] . Some works showed that best precision of the strength assessment is obtained by combining those NDT techniques [14] , whilst other works concluded the opposite [17] . It seems that combined Rebound Hammer (RH) and Ultrasonic Pulse Velocity (UPV) method does not have any significant effectiveness in certain conditions which have not been really clarified. In particular, if one of the used techniques is significantly less accurate than the other one (adding poor quality results may only lead to disappointing outcomes) [7, 11, 18, 19] . This is also the case when the dataset is heterogeneous, for instance carelessly mixing measurements on carbonated and uncarbonated concrete. In addition, few works dealt with the effect of the number of data on the combined method effectiveness [10, 11] .
The aim of this paper is to identify the weight of the various factors on site, in particular the effect of the number of cores used for the calibration procedure by using two statistical indicators: the root mean square error "RMSE" and the determination coefficient "r 2" to estimate the precision quality of the model. The analyses are implemented on the basis of in situ data obtained on a real building, with a comparison between these two indicators.
Presentation of the case-study
There are some real study cases in the literature for the estimation of strength with NDT measurements. However, they are usually limited to the establishment of correlation laws between NDT and destructive tests. Besides that, some recent works were based on laboratory or synthetic data to analyze the methodology and the quality of strength assessment [9] [10] [11] . The main purpose of this paper is to explore how to proceed and optimize the first identification step to improve the quality of concrete strength assessment on a real case-study of an existing structure.
This study is based on a large campaign of sounding and coring on structural elements in an existing building. The rebound and Ultrasonic pulse velocity tests were used in conjunction with destructive tests. The studied building is dedicated to administrative use and belongs to an industrial factory located at Blida city (Algeria). The building is made of two blocks with two and three storeys, respectively. The main structure is a portico system (columns -beams) made with reinforced concrete (Fig. 1) .
About 145 elements (columns and beams) were tested with NDT and coring tests. On each element, three NDT measurements were implemented prior to coring and then one to three cores were extracted at the location of NDT measurement. A total of 205 core samples of 75 mm diameter were extracted (Table 1 ) and then were submitted to compression test until ultimate failure. The reduced size of cores (75 mm instead of common 100 mm) was privileged due to the high number of cores, despite the fact that it is known to induce a larger variability in strength evaluation
The test areas were approximately corresponding to a 15 cm Â 10 cm rectangle where concrete was surfaced with a grinding stone and where one velocity measurement and 12 rebound values were performed. Rebound hammer measurements were carried out with a type N device (C181 model) after checking the calibration specimen. Ultrasonic measurements were carried out with 54 kHz transducers having a 50 mm diameter. The system calibration was checked in conformity with EN12504-4 standards.
The coring and NDT tests were carried out perpendicularly to the direction of concrete casting. After coring, the specimens were measured and weighted after having sawn the ends. On each core, one ultrasonic velocity measurement and between 9 and 12 rebound values were measured. The rebound number is the median value of the test results. All "core strengths" results discussed above have been obtained after conversion into an equivalent in-situ cube in accordance to British Standard [8] . More extensive information about the experimental program is given in [21] .
Analysis of strength and NDT measurements correlation
The main objective of this section, reproducing common engineering approaches, is to establish empirical relationships between the concrete compressive strength of cores and NDT measurements on elements and to analyze the correlation quality by taking as indicator the determination coefficient "r 2" defined in Eq. (1). Since NDT tests were carried out both on elements prior to coring (NDT1) and on cores prior to compression (NDT2), compression strength can be correlated to any of these two NDT results.
where SST is the sum of square distances between measured stength and its mean value, and SSE is the sum of errors between mesured strength and estimated strength:
where f m and f e are respectively the measured and estimated strengths and f is the average measured strength. A representation of 205 sets of individual data measured on cores and in-situ (elements) shows the existing correlation between the concrete samples strength and NDT measurements (rebound "R" and UPV "V") ( Fig. 2) . These figures highlight the high consistency between NDT and strength measurements over a wide range of values. These large variations correspond to a high variability in material properties which may due to the real water to cement ratio and/or to the casting process. Table 2 synthesizes the identified relationships and values of determination coefficients r 2 for simple regression (onevariable) and multiple regression (two-variable) with three mathematical forms (linear, power and exponential), which are commonly used in practice. All models with a single technique show relatively good correlations (r 2 ! 0.70), which are even improved (r 2 ! 0.83) for multi-parametric models. There are no important differences depending on the mathematical Table 1 Distribution of the number of cored elements and cores. model shape, even though the non-linear model appears to provide a slightly higher r 2 value. The determination coefficients measure the quality of fit of the model but they do not inform about the real precision of the model when it is used in the prediction phase. In common practice, in engineering as well as in academic context, the analysis of the established models does not go further, which is widely insufficient as it will be shown in what follows.
Analysis of strength and NDT variability
The data variability has been quantified at several scales for subsets of structural elements according to the blocks, the storeys or element types (columns or beams) ( Table 3 ). Such approach is commonly carried out in order to identify "regions" which can be considered as homogeneous according to the coefficient of variation "CV" (with CV = SD/Aver). Table 3 Data variability of the subsets of structural elements (Aver = average strength, SD = standard deviation, CV = coefficient of variation). All subsets appear to have relatively close characteristics in terms of mean values and CV, whatever the type of component. Block 2 presents slightly better properties than those of block 1. Besides that, a small difference is registered between storeys of each block. In the same way, the properties of the beams are slightly better than those of columns. The variability "CV" of NDT measurements calculated between the average values for each subset is about 5%, which is only a third of the within-subset variability. This value leads us assume that the whole data set can be considered as belonging to the same homogeneous population.
Estimation of in-situ properties

Methodology of the estimation
The methodology of the quality assessment of models precision is applied and tested on the same population of 205 data collected on site (strength "F", Rebound "R" and ultrasonic pulse velocity "V"). A set of alternative approaches is considered while varying the number of cores (between bounds corresponding to common practice) and the model shape. The reference solution is assumed to be the strength values obtained on the full data set. The estimated values are strength values obtained when the same methodology (i.e. same NDT method and same mathematical model type) is applied to a limited set of cores. The difference between estimated and reference values indicates the quality of the assessment. The number of calibration cores NC is varied from 2 to 20 (Fig. 3) . The cores selected for each number NC (sample) are randomly selected among the 205 cores (population of size N). For each sample with size NC, a statistical regression allows to identify a specific relationship Fm = f(NDTm).
The three most usual model shapes were tested: the power form for the rebound, the exponential form for UPV and the double power form for the combined NDT. Thus, the fitting error can be quantified and estimated (represented by RMSE and the coefficient r 2 ) from the distance between measured and estimated strengths on the NC pairs. This same conversion model can be used to estimate strengths for all the other (N-NC) measurement points. To estimate the quality of the conversion model at the prediction stage, RMSE and r 2 value are thus calculated from the distance between measured and estimated strengths on the (N-NC) pairs [9] . This is possible in this case-study since the true strength (reference) is known at all NC points, which is usually not feasible in common practice, because of the more limited size of the data set.
As the results can have some part of randomness since any set of NC data would leads to a different results. This is why the same procedure is repeated 100 times for each number NC. Mean value and variability (standard deviation of strength) over the 100 iterations are quantified in order to analyze the robustness of the estimation.
Analysis of the effect of the cores number on the assessment precision
The fitting and prediction errors (RMSE and r 2 ) obtained for the rebound and UPV are plotted in Fig. 4 as a function of the number of cores NC. The graphs show both average values and standard deviations (calculated on 100 iterations). It can be seen that for NC¼2 fitting error RMSE (Fig. 4a and c) is null (average and standard deviation) while the r 2 value (Fig. 4b and d) [ ( F i g . _ 3 ) T D $ F I G ] Fig. 3 . Flow chart of the methodology of strength assessment accuracy at identification (fitting) and prediction (use) stages.
amounts unity: with NC = 2, identifying the model comes to find the values of two model parameters which satisfies two equations, and the solution is unique and exact, thus has a perfect fit. However, when the number NC increases, the value of the two model parameters is only a "best compromise" since they must satisfy at best NC equations and consequently the fitting error RMSE increases while its standard deviation reduces. The prediction error however has an opposite behavior with an increasing quality when NC increases ( Fig. 4c and d) .
The average value of RMSE at the prediction stage is always higher than at fitting stage ( Fig. 4a and c) . It is only when NC increases, that the two RMSE and the two r 2 coefficients converge, while their standard deviations decrease. They perfectly coincide with the total number N of the population. The difference between the fitting and prediction error is due to extrapolation. This precision difference is very significant, in particular when NC is small, but in real practice, only the precision of the fitting model is estimated. One must be aware that a fitting model could have a good precision quality (or even a perfect fit), and a very low predictive capacity [10] . This issue is crucial for small NC values, since graphs show that the predictive RMSE can be twice the fitting RMSE. Beyond NC ! 9, the prediction and fitting errors stabilize around 3 MPa for RMSE with Rebound and 3.5 MPa for RMSE with UPV. Further increase of NC does not improve the prediction. These errors result from the variability and uncertainties of measurement, the model errors, and the influence of uncontrolled parameters (moisture, carbonation, cracking, etc.). It can be concluded that, in this case-study, the number NC = 9 can be considered as sufficient number regarding the precision of the conversion models. For NC <9, statistical uncertainties are larger and the assessment precision is reduced. The same conclusions can be reached from the analysis of r 2 coefficients. Beyond NC ! 6, the prediction and fitting coefficients stabilize around 0.78 with Rebound and 0.72 with UPV ( Fig. 4b and d) . Even though these values may be considered as large ones in engineering common practice, this does not necessarily imply that the conversion model will provide accurate predictions [12, 22] . For this reason, deriving the assessment quality of the conversion model from the coefficient r 2 as an indicator is not recommended. A better approach would be to use RMSE values.
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Analysis of the effect of NC on the effectiveness of combined methods (SonReb)
For the combined NDT methods, Fig. 5 shows the fitting and prediction errors (RMSE and r degrees of freedom and the RMSE curves stabilize around a value RMSE % 2.5 MPa, which is slightly lower than for single techniques. This shows a slight improvement of RMSE for combined NDT (Fig. 5a) . The average value of r 2 is higher for fitting than for prediction (Fig. 5b) . The two coefficients converge when NC increases and stabilize beyond NC = 11 (average and standard deviation) with a value of r 2 around 0.84, which is slightly better than the one found for individual technique.
The average values and standard deviations for both fitting RMSE and r 2 , for the single and combined NDT are shown in Fig. 6 . Fitting RMSE of UPV is higher than that of rebound with a constant difference when NC varies (Fig. 6a) . In the same way, the fitting r 2 for rebound is higher than that with UPV with a constant difference when NC varies (Fig. 6c) . It should be emphasized here that this conclusion is specific to this case study and depends typically on the respective accuracy of the two measurement techniques (i.e. within-test variability) in this situation. In dedicated literature, it is possible to find similar situations [19] or opposite ones depending on the structure condition, device used, the measurement protocol and the operator. By observing Fig. 6 , the fitting error (average and SD) is lower for combined NDT than for single NDT with a constant difference when NC varies. It is possible to see that the performance of combined method (i.e. more accurate than the single NDT) at the fitting stage would seem unaffected by the number of cores. In literature, the analysis of the performance of combined NDT is often based on the fitting stage, which is widely insufficient.
[ ( F i g . _ 6 ) T D $ F I G ] However, the multi-parametric model at the predictive stage appears to be highly dispersive (less robust than the models with one NDT method) when the number of cores is small (see Fig. 7a ). This comes from the trade-off effect, which appears when model parameters have to be identified from a dataset with experimental errors and with a two low number of measurements [9] . It is particularly important with 2 cores for a single technique (2 model parameters, see Table 2 ) and with 3 or 4 cores for combined techniques (3 model parameters, see Table 2 ). This indicates clearly that using combined NDT at the predictive stage with a too small number of cores is dangerous and can lead to large errors. The calibration of the combined NDT model deserves a specific attention [11] and the risk of errors must be underlined because a very low number NC are still used as an usual practice in engineering [10] . These results can explain the lack of consensus between specialists about the efficiency of combining NDT methods regarding strength assessment. For a better understanding, Table 4 provides average values and standard deviations for both predictive RMSE and r 2 , for the three models (two with a single technique and one with combination). These results are also plotted on Fig. 7 , which focuses on low NC values (up to NC = 10 cores). Predictive RMSE of UPV is also higher than that of rebound [10] with a constant difference when NC varies (Fig. 7a) . The predictive r 2 for rebound is higher (in the same way)
than that with UPV with a constant difference when NC varies (Fig. 7c) . Alwash et al. [10] studied at predictive stage the utility of combining two NDT techniques according to NC with various qualities of NDT measurements. They concluded on the basis of average RMSE that the combination is effective when the first NDT measurement has a high quality (i.e. low value of within-test variability) beyond a minimal number of cores which amounts respectively 9, 5 or 4 when the measurement quality of the second technique is respectively low, average or high. These numbers are probably case-specific, but one can see on Fig. 7a that adding a second technique is effective in our case with at least 5 cores if the first technique is UPV, and with at least 6 cores if the first technique is R. The difference comes from a better repeatability of rebound measurements in our case-study, that had been pointed from results in Table 2 .
It appears in our case-study that at least 6 or 7 cores (according to RMSE and r 2 respectively) are needed in order to have the predictive curves with combined techniques better than that with rebound only, if we only look at average indicators ( Fig. 7a and c) (Table 4) . However, the performance variability (standard deviation of predictive RMSE and r 2 ) of the conversion model is illustrated in Fig. 7b and d. As previously stated, it can be noted that for low values of NC, the variability is definitely higher for combined NDT at predictive stage than for single NDT, confirming the lack of robustness of combination. Indeed, while the efficiency may seem good in average ( Fig. 7a and c) , individual results (i.e. those corresponding to one unique simulation in our approach, or to one specific investigation in real situations) can lead to incorrect conclusions. The minimal number of cores must be increased in order to guarantee that the combination is robust enough and effectively more efficient than a single technique. If one considers a "robust RMSE" which could amount to the average value with about the same standard deviation, the combination appears to provide a better assessment than a single technique only when NC amounts 6 cores in our case-study but this critical number can possibly be higher or lower with worse or better within-test variability. Therefore, to get a more complete view about the effectiveness of combining NDT at predictive stage, it is also worth analysing the statistical distribution of the results, without limiting to the standard deviation. It is thus possible to analyse each of the 100 iterations (see Fig. 3 ) and to count how many times the combination leads to better results (i.e. lower RMSE and/or higher r 2 ) than a single technique, which can be either Rebound or UPV. The results can be presented in terms of percentage of the positive (effective) cases for which (for NC given), the combined approach is better than the single technique approach: RMSE SonReb < both (RMSE R ,RMSE V ) and/or r The percentage of the "positive cases" for the combined NDT at predictive stage is displayed on Fig. 8 for increasing NC. This percentage regularly increases with NC and tends towards 100%. It also corresponds to the practical probability, on a real on site investigation (which comes to a unique draw) that the combined approach will lead to a better assessment than the single technique approach. The percentage of the "positive cases" is slightly higher for the coefficient r 2 than for RMSE. It is also higher for UPV measurements than the rebound ones (the UPV measurements showed worst quality in the present study). Fig. 8 illustrates how, for very low NC values, there is more than 50% probability to obtain poorer performances when techniques are combined. However, at the fitting stage, the combined NDT is always performant when NC varies (Fig. 6) . It is now possible to explain the lack of consensus among specialists on this issue. Depending on the threshold "rate of success" one will chose to consider a real benefit for combining techniques (for instance 75% or 90%), and on the practical quality of each NDT, the minimal number of cores will vary. In this case study, it appears that combining UPV with former Rebound measurements will require at least 7 cores if the expected rate of success is taken at 80%. If almost no failure is tolerated, the combined NDT will be effective only above NC ! 16.
Conclusions
A real case-study (two RC buildings) was used as a basis for the analysis of the in-situ concrete strength assessment using NDT tests. Relationships between the concrete strength and NDT measurements (single or combined techniques) have been identified according to the traditional engineer approach. The quality of fit was shown to depend only slightly of the mathematical model form of the conversion model, and it is slightly improved for the combined method. However, this common approach does not deliver a really relevant view about the quality of the concrete assessment.
The data set was used for a thorough analysis of the NDT concrete strength assessment, focussing on the effect of the number of cores during the model identification phase, the type of NDT method used and the fact that NDT techniques are used alone or in combination. The statistical analysis was based on the post-processing of results obtained by repeating a large number of times (100) what can be done in the field, when the expert investigates the structures. The difference between errors in the model identification stage (fitting) and the prediction stage (use) was pointed to and the focus was given on the latter one, which is the only significant measure of the model efficiency. Two statistical indicators (RMSE and r 2 ) were calculated to estimate the prediction errors, which are logically reduced as NC increases. In this case study, it was concluded that for a single NDT method approach a number NC = 9 cores can be considered as a sufficient number to converge towards the condition of maximum effectiveness of the assessment procedure and that a further increase does not improve the assessment significantly Combination of NDT techniques has been promoted in many studies but its efficiency remains controversial. This issue has been analyzed into details. Because combined models have a larger number of degrees of freedoms, a minimal number of cores is required to make combination at least as effective than a single technique. Combination at predictive stage may also be affected by large uncertainties when the number of cores is too small. The minimal number of cores, which will guarantee a more reliable result with combined techniques than with a single technique depends on a variety of parameter (among which the within-test variability of each NDT method). In this case-study, having at least six cores seems to guarantee that combining NDT methods will improve the concrete strength assessment.
Of course, one can wonder about the extension and generalization of our results to different situations. On one hand, our opinion is that all qualitative conclusions will remain valid on different contexts, for instance that of higher strength concreres. On the other hand, quantitative statements will deserve a further analysis. For instance further studies are required in order to quantify how the critical number of cores ensuring that the combination of two NDT techniques improves the assessment varies according to the respective quality of the two techniques.
Some conclusions may also be drawn which are not specific to this single case, namely:
-The attention that must be paid to NDT within-test repeatability.
-The need to assess predictive RMSE of the model, which can be done in real cases through cross-validation method.
In common practice, it is necessary to take care of the performance of identified model, by either increasing of the number of cores or re-examination of calibration procedures. This aspect will be the subject of methodological developments in progress.
